ABSTRACT: Subnanometer-resolved local electron energy structure was measured in PbS quantum dot superlattice arrays using valence electron energy loss spectroscopy with scanning transmission electron microscopy. We found smaller values of the lowest available transition energies and an increased density of electronic states in the space between quantum dots with shorter interparticle spacing, indicating extension of carrier wave functions as a result of interparticle electronic coupling. A quantum simulation verified both trends and illustrated the wave function extension effect. Mediated by capping ligands, the quantum dots (QDs) can be treated as artificial atoms and assembled into higher order nanostructures such as metamaterials and supraparticles. These structures have programmable physical and chemical properties, 10−12 widening the array of available functional materials for relevant applications.
O rdered arrays of colloidal quantum dots (superlattices) exhibiting collective optical and electrical phenomena have gained considerable interest among the scientific community with promising applications in photovoltaics, 1−3 optoelectronics, 4 ,5 information technology, 6 and catalysis. 7−9 Mediated by capping ligands, the quantum dots (QDs) can be treated as artificial atoms and assembled into higher order nanostructures such as metamaterials and supraparticles. These structures have programmable physical and chemical properties, 10−12 widening the array of available functional materials for relevant applications.
Concomitant existence of quantum confinement and high packing density can be realized by using short capping ligands, a technique that has been found critical for performance in a variety of devices. Exchanging long chain ligands with shorter ones leads to successful manipulation of various properties of QD films, such as carrier mobility, which can be greatly improved. 13−16 Shorter ligands also enhance exciton recombination in a QD film, which leads to efficiency improvement in infrared LEDs. 5 Additionally, stronger interparticle coupling can facilitate dissociation of photogenerated excitons, 17 which contributes to increased efficiency of solar cells fabricated from atomically passivated QDs. 18 By reducing interparticle spacing in QD arrays, electronic coupling among QDs increases, which modifies the energy states and their corresponding density.
Gaining in-depth insight into the electronic coupling phenomena among the QD arrays is of great importance for the precise engineering of superstructures. Most work in the area is presently focused on the effect of different capping ligands on electron energies. On the macroscopic level, the effect is seen as a red shift of the optical absorption peak as the interparticle distance decreases in thin films of monodisperse QDs. 19−24 However, such red shifting can be caused by changes in the dielectric environment 23 in addition to changes in electronic coupling 24 between the dots. It is difficult to isolate these factors when examining the macroscopic optical transition energies of the arrays, especially considering the inhomogeneity in the dielectric environment introduced by the inevitable size and shape variation of the QDs in the sample.
On the microscopic level, scanning tunneling microscopy and spectroscopy (STM-STS) have been used to investigate the electronic local density of states (LDOS) of single nanoparticles 25−29 and their superlattice films. Steiner et al. 30 studied arrays assembled by trioctylphosphine capped InAs QDs and measured the LDOS at different regions of the array. Band gap reduction was verified by comparing the density of states in isolated and arrayed QDs. Liljeroth et al. 31 studied oleic acid capped PbSe QD arrays and found variations in LDOS due to local microscopic disorders. Reductions of the energy gap were only found in certain locations where the electron and hole wave functions were delocalized. Overgaag et al. 32 investigated the LDOS of single PbSe QDs arrays stabilized by CdSe QDs. While no significant difference was observed in the zeroconductance gap between isolated and aggregated oleic acid capped QDs, the first conduction-level resonances were found to broaden as the number of particles in the molecular aggregate increased.
To date, no such microscopic studies have provided evidence correlating electronic coupling with changes in electronic structure in the region between individual coupled QDs. Moreover, the interpretation of tunneling spectra from STS on such samples is clouded by unknown shape effects from the tip and by the Schottky barrier in between the tip and sample. Given the limited aspect ratio of an STM probe and the threedimensional topologies of QDs, even resolving the geometric features of QDs is a challenging task, not to mention discerning the variation of local density of states within and between QDs.
In this work, we present localized measurements of the electronic energy structure of lead sulfide (PbS) QD pairs, as well as spatial variation in the lowest available electron transition energy (LATE) in a set of monodisperse QD superlattices capped with different size ligands. The measurements were performed using electron energy-loss spectroscopy in a (scanning) transmission electron microscope [(S)TEM-EELS]. 33 The spatial resolution of this technique allows independent measurement of the joint local density of states (JLDOS) inside of and between individual QDs. In addition to reproducing previously observed changes in the macroscopic band gap of the lattices, our results reveal changes in the local electronic structure in between QDs as their spacing is diminished, providing direct experimental observation of electronic coupling of the dots. To explore the theoretical basis for our observations, we present the results of a quantum mechanical finite element simulation of our samples.
PbS QDs capped with various organic ligands self-assemble in close-packed arrays with hexagonal symmetry (Figure 1 ). In this study, the synthesis of PbS quantum dots was performed using a modification of the standard colloidal procedure described by Hines et al., 34 with lead acetate as the lead precursor and bis(trimethylsilyl)-sulfide as the sulfur precursor (details presented in the Supporting Information). Capping of the PbS QDs with organic ligands using a solution-based ligand exchange process 4, 35, 36 not only suppresses surface oxidation, enabling the formation of chemically homogeneous arrays of dots with rock-salt crystal structure (Supporting Information Figure S2 ) but also allows for tailoring of the interparticle spacing, which is a parameter crucial to this study. Spacing control was achieved by exchanging the as-synthesized oleic acid ligands (denoted C18) with three alkylamine ligands of variable lengths, namely, dodecylamine (C12), octylamine (C8), and butylamine (C4). The results of this process are illustrated in Figure 1 . Average particle size and interparticle spacing in the assemblies of ligand-capped PbS QDs was measured from HRTEM images of 100 pairs of QDs. The average dot size is 5.0 ± 0.13 nm, and dots capped with C4, C8, C12, and C18 show spacings of 0.6 ± 0.2, 1.0 ± 0.3, 1.5 ± 0.2, and 2.0 ± 0.8 nm, respectively.
STEM-EELS was used on the prepared samples to measure variations in the availability of low-energy electron transitions in the space between neighboring QDs as a function of interparticle spacing. Whereas the previously discussed STM-STS technique measures the energy density of individual electron states, the technique used here enables the direct measurement of interband electron transitions and avoids the tip geometry complications encountered with scanning probes.
In EELS measurements, the sample is exposed to a beam of electrons with a narrow range of kinetic energies and the amount of energy lost by the transmitted electrons is measured by an EEL spectrometer. The spectra exhibit a characteristic zero-loss peak (ZLP) from electrons transmitted without inelastic scattering. After ZLP removal, information about the material band structure is obtained from the signal generated by inelastically scattered electrons with energy loss below 10 eV. The energy onset of inelastic scattering indicates the LATE at the beam position (Supporting Information Figures S3 and S5) . Recently, the energy and spatial resolution of this technique has been greatly improved through the use of monochromated valence electron energy-loss spectroscopy (VEELS). 37 It has been shown that for direct band gap semiconductors the correct values of the band gap can be obtained by VEELS acquisition in samples of thickness less than half the total mean free path for inelastic scattering, where the effect of Cerenkov radiation can be efficiently minimized. 38, 39 STEM-VEELS has also been applied to evaluate the size and shape dependence of the band gap of CdSe and PbS QDs, 33, 40 as well as the thickness dependence of the band gap of Si. 41 Here, EELS line profiles across PbS QDs were obtained with a monochromated 80 kV electron beam focused to a 0.3 nm diameter. Figure 2 shows the LATE from Fourier deconvoluted EEL spectra taken at 0.5 nm intervals along lines crossing neighboring dots from hexagonal arrays with various ligand lengths (more details in Supporting Information, Figure S6 ). The line profiles reveal the spatial dependence of the allowed electronic transitions in the space within and between neighboring QDs. A gradual increase of the LATE from the center of the PbS QDs toward the edge is observed, which is in agreement with previous experiments. 33 This effect is attributed to the reduced wave function density near the dot edges as a result of the confinement geometry.
To further compare the LATE of QD samples with different interparticle spacings, two-dimensional maps of integrated EELS signal intensity from neighboring PbS QDs over the energy range 0.9−2 eV are presented in Figure 3 . Significant integrated signal can be observed between the QDs with shorter interparticle spacing (C4 and C8), reducing noticeably as the interparticle spacing is increased (C12 and C18). Aligned to the right of each integrated heat map is a series of EEL spectra taken at the corresponding lateral positions over the red dots as indicated in Figure 2 . These spectra reveal the nonzero EELS signal in the area between the closely spaced dots, which gradually disappears as the QD spacing increases. Brief reflection on the physical origin of the EELS signal suggests that the increased signal observed between the more proximal QDs is a result of their electronic coupling. In the low loss energy range of the EEL spectrum, the signal intensity can be approximated using Fermi's golden rule for overlapping electron and hole states near the semiconductor band edges. 42 In analogy with theoretical treatment of the tunneling current in STM, we can treat the EELS signal as proportional to the JLDOS in the sample, which is the point-localized analogue of the standard joint density of states (JDOS)
where φ e(h)i(j) is the ith (jth) electron (hole) wave function of the system and E is the corresponding energy of the state. Electron transitions that contribute to the EELS signal at a given location come from pairs of electron and hole states with the right energy difference that coexist there, in proportion to the probability density of the wave functions associated with those states. The sharp drop in the observed signal at the edges of the more largely spaced QDs (Figure 3c,d) indicates the spatial limit of the electron and hole wave functions in isolated dots at the energies shown. The appearance of a signal outside of those limits (between the QDs) as the QDs are brought closer together indicates an extension of the wave functions into that space as result of electronic coupling between the QDs. To verify our procedure against other measurements of the energetic effects of QD coupling, we collected statistics on the LATE from 20 QD pairs in each sample. Figure 4 shows the smallest values of the LATE found in the region of each dot pair (typically located at the center of a dot), corresponding to the absorption onset that would be observed in a macroscopic optical measurement of the array.
Previous such measurements on dispersed PbS QDs have found an onset of approximately 0.9 eV for 5.0 nm diameter dots, 43 similar to the value that we have measured. With smaller interparticle spacing, the macroscopic LATE decreases, in agreement with the optical absorption red shift observed in the previously mentioned studies. This is because the transition energy decreases with increasing QD coupling energy β as the electron wave functions overlap
To gain further insight into our experimental results we performed a quantum finite element analysis of spherical QDs in 2D hexagonal arrays. Electronic structure was calculated with effective mass approximation, 44, 45 by solving the Schrodinger equation for this geometry using a k·p method, where Vr is the potential energy results from the physical position r, k is the superlattice vector (sampled 4 × 4), i is the imaginary unit, and φ k and E k are the corresponding wave function and energy
The calculation was performed using a hexagonal unit cell, as shown in Figure 5a ,b. For the PbS QDs, the electron and hole effective mass were both approximated to be 0.080 m 0 , and the carrier effective mass within the barrier material was set to m 0 . Assuming an energy-symmetric interface band alignment and considering the 5 eV HOMO−LUMO energy gap of alkane chains and 0.4 eV bulk band gap of PbS, an energy barrier of 2.3 eV was used for both electrons and holes at the QD boundaries. (The effects of asymmetry in the band alignment are presented in the Supporting Information.) After solving for a sufficient set of low-energy eigenstates, the JLDOS was calculated at different points in space using eq 1. The resulting spectra at points along lines bisecting QD pairs are presented in Figure 5d ,g as a function of QD spacing. (Delta functions from eq 1 are plotted as Lorentzian functions with room-temperature thermal energy broadening.) A similar trend to the experimental measurement is observed in which electronic transitions with lower energies become available between the QDs as they are brought closer. The wave function extension effect earlier suggested to be responsible for this can be seen in Figure 5c . Here we show the probability densities for a wave function at approximately 2.1 eV for several different values of QD separation. As the QDs move closer together, the wave function lobes extend further outside the atomic boundaries of the dots. They eventually connect, contributing to an increased JLDOS between the QDs for transitions involving that wave function. The wave functions corresponding to lower energy states do not extend significantly outside the QD boundaries, explaining the higher onset of the JLDOS (and hence EELS signal) in between the dots than at the center of the dots.
Close inspection of the QD-center spectra in Figure 5d ,g reveals a reduction in the macroscopic LATE as the QDs are brought closer, in agreement with the experiment. The magnitude of the shift is smaller than measured (37 meV vs 40 meV from C18 to C4). Such a disagreement is to be expected from this model given the various approximations made. These approximations include an energy-independent value for the effective carrier mass that is only accurate near the band edges, an interface energy barrier independent of QD spacing, and perfect monodispersity of the QDs in the array. 
